Background: HPK1 is lost in Ͼ95% pancreatic cancer through proteasome-mediated degradation. Results: The ubiquitination and degradation of HPK1 mediated by CUL7/Fbxw8 ubiquitin ligase required HPK1 kinase activity and autophosphorylation. Conclusion: Targeted HPK1 degradation by CUL7/Fbxw8 ubiquitin ligase constitutes a negative-feedback loop to restrain HPK1 activity.
HPK1, a member of mammalian Ste20-like serine/threonine kinases, is lost in >95% pancreatic cancer through proteasomemediated degradation. However, the mechanism of HPK1 loss has not been defined. The aims of this study are to identify the ubiquitin ligase and to examine the mechanisms that targets HPK1 degradation. We found that the CUL7/Fbxw8 ubiquitin ligase targeted HPK1 for degradation via the 26 S proteasome. The ubiquitination of HPK1 required its kinase activity and autophosphorylation. Wild-type protein phosphatase 4 (PP4), but not the phosphatase-dead PP4 mutant, PP4-RL, inhibits the interaction of Fbxw8 with HPK1 and Fbxw8-mediated ubiquitination of HPK1. In addition, we showed that Thr-355 of HPK1 is a key PP4 dephosphorylation site, through which CUL7/Fbxw8 ubiquitin ligase and PP4 regulates HPK1 stability.
Knockdown of Fbxw8 restores endogenous HPK1 protein expression and inhibits cell proliferation of pancreatic cancer cells. Our study demonstrated that targeted degradation of HPK1 by the CUL7/ Fbxw8 ubiquitin ligase constitutes a negative-feedback loop to restrain the activity of HPK1 and that CUL7/Fbxw8 ubiquitin ligase promotes pancreatic cancer cell proliferation. CUL7/ Fbxw8 ubiquitin ligase-mediated HPK1 degradation revealed a direct link and novel role of CUL7/Fbxw8 ubiquitin ligase in the MAPK pathway, which plays a critical role in cell proliferation and differentiation.
Hematopoietic progenitor kinase 1 (HPK1), 2 a member of mammalian Ste20-like serine/threonine kinases, functions as a MAP4K to activate MAP3Ks, which signal through the wellestablished MKK4/MKK7, JNK, or SAPK cascade (1, 2) . HPK1 has been shown to form inducible complexes with adaptor proteins, such as Grb2 (3), Gads (4), Nck (5) , and Crk (5) and is involved in various signaling systems, including EGF (3, 6) , TGF-␤ (7, 8) , erythropoietin (9) , protein kinase D (10), prostaglandin E2 (11) , T and B cell receptor (4, 5, (12) (13) (14) (15) and differentiation of acute myelogenous leukemia cells (16) . HPK1 inhibits MEK1/2-mediated Erk activation, which is one of the major Ras effector pathways. HPK1 Ϫ/Ϫ T cells from HPK1 knock-out mice had enhanced TCR-induced activation of Erk2, which can be blocked by a MEK inhibitor, PD98059 (17) .
While a number of studies have identified the role of HPK1 in regulating NFB, Erk, and JNK pathways in hematopoietic cells (2) (3) (4) 7, 9, (11) (12) (13) (14) (15) 18, 19) , the functions of HPK1 in cancer are unclear. Our previous study showed that HPK1 protein is expressed in normal pancreatic ducts but is lost in Ͼ95% of pancreatic cancer, which is one of the most lethal cancers; less than 5% of patients remain alive 5 years after diagnosis. The loss of HPK1 is strongly associated with the progression from lowgrade pancreatic intraepithelial neoplasia (PanIN) to invasive pancreatic cancer. More important, restoring HPK1 expression in pancreatic cancer cells causes cell cycle arrest and growth inhibition, which is due in part to the stabilization of p21 and p27 (20) . Thus, HPK1 may function as a novel tumor suppressor and loss of HPK1 plays a critical role in the development of pancreatic cancer. * This work was supported by the National Institutes of Health though Although phosphorylation and caspase 3-mediated cleavage of HPK1 have been implicated in its regulation (21) , the mechanisms of HPK1 regulation remain unclear. HPK1 has been shown to be positively regulated by protein phosphatase 4 (PP4), a serine/threonine phosphatase, which dephosphorylates HPK1 and inhibits HPK1 ubiquitination and degradation (22) . Interestingly, our previous study showed that both endogenous HPK1 and exogenously overexpressed HPK1 protein are degraded in pancreatic cancer cells, which can be fully restored by treatment with proteasome inhibitors (20) , suggesting that loss of HPK1 in pancreatic cancer is caused by proteasomemediated protein degradation. However, the ubiquitin ligase and the molecular mechanisms that targets HPK1 for degradation in pancreatic cancer is unknown. Given the novel tumor suppressor function of HPK1 in pancreatic cancer, it is important to identify the ubiquitin ligase and to examine the mechanisms by which HPK1 expression is regulated.
The protein ubiquitination is catalyzed by three enzymes, including a ubiquitin (Ub)-activating enzyme (E1), a Ub-conjugating enzyme (E2), and a Ub ligase (E3) (23) . The specificity of this pathway is mainly determined by Ub ligases, which not only interact with the substrates, but also recruit the activated E2 enzymes. The concerted actions between the E3-bound substrate, the Ub ligase, and the Ub-charged E2 produce polyubiquitin chains on targeted proteins, which are then delivered to the 26 S proteasome for degradation (24) . Of a few hundreds of Ub ligases, the cullin-RING Ub ligases (CRLs) are grouped as the largest subfamily and are conserved throughout eukaryotes. In these Ub ligases, cullins serve as molecular scaffolds that organize the reactive module to coordinate substrate ubiquitination. Human cells express seven different cullins (CUL1, -2, -3, -4A, -4B, -5, and -7) and each of them can form Ub ligase complexes with other proteins (25) . The best characterized CRL is the Skp1-CUL1-F-box protein (SCF) complex (26) , which comprises three invariable components: CUL1, Rbx1, and Skp1 as well as one variable component, known as an F-box protein that binds Skp1 through its F-box motif and determines the substrate specificity (23, 24, 26, 27) . Skp1 can also form an E3 complex with CUL7, Rbx1, and F-box and WD repeat domain containing 8 (Fbxw8), which is the only known F-box protein in CUL7 E3 complex (28) . In this study, we identified CUL7/Fbxw8 complex as the Ub ligase that is responsible for proteasome-mediated HPK1 degradation. Our data revealed novel pathways of HPK1 regulation, a direct link and novel role of CUL7 ubiquitin ligase in the MAPK pathway.
EXPERIMENTAL PROCEDURES
Plasmids-Flag-HPK1, Flag-HGK, Flag-HPK1-M46, Flag-PP4, and HA-PP4-RL were previously described (22, 29) . Myc-Fbxw8 and HA-Ub were gifts from Dr. Stephen J. Elledge (Harvard Medical School, Boston, MA). Flag-Fbxw7, His-Ub, His-Ub-K48R, and His-Ub-K63R plasmids were from Dr. Mong-Hong Lee and Dr. Hui-Kuan Lin at our institution. Site-directed mutagenesis of HPK1 was performed using a QuickChange kit (Stratagene) according to the manufacturer's instruction. All mutations were confirmed by DNA sequencing.
Cells and Transfection-Cell lines, HEK293T, Jurkat T cells, Panc-1 and Panc-28 cells were grown in DMEM supplemented with 10% fetal calf serum and 100 units/ml streptomycin/penicillin. Cells were transfected with various amounts of plasmids encoding PP4, PP4-RL, Fbxw8, HPK1, and its mutants, or Ub as indicated in figure legends.
Antibody Array-based Screening for HPK1-interacting Proteins in Pancreatic Cancer Cells-Whole cell lysates were prepared from Panc-1/Flag-HPK1 stable cells treated with 2.0 M MG132 for 16 h, which stabilized HPK1 protein. The antibody array filter containing 400 different antibodies (HM3000, Hypromatrix, Worcester, MA) was pre-blocked in a buffer containing 5% nonfat milk and then incubated with above-mentioned whole cell lysate. After overnight incubation at 4°C, the array filter was washed three times with TBST for 15 min and then incubated with the horseradish peroxidase-conjugated anti-Flag antibody in TBST for 2 h at room temperature. The antibody-antigen-HPK1 complex was detected by peroxidase substrate, followed by chemiluminescence.
Immunoprecipitation and Immunoblotting-Immunoprecipitation and immunoblotting were performed as previously described (20) . Protein expression was analyzed by 8% or 10% SDS-PAGE, which was electroblotted onto polyvinylidene difluoride membranes (Novex), blocked in 5% skim milk in 1ϫ TBS, and probed with the primary antibodies indicated in the figure legends. Proteins were detected using an enhanced chemiluminescence kit (Amersham Biosciences). Following antibodies were used: anti-HA (Upstate Biotechnology); anti-␤-actin and anti-Flag (Sigma-Aldrich); Anti-HPK1 (N-19), anti-PP4, anti-c-Myc (9E10), anti-Skp1, anti-CUL1 and anti-CUL7 (Santa Cruz Biotechnology Inc.), and anti-Fbxw8 (Abgent, Inc.).
Effects of Fbxw8 Overexpression on the Half-life of HPK1
Protein-The half-life of HPK1 protein was measured in 293T cells cotransfected with HPK1 and Fbxw8 constructs compared with those transfected with HPK1 alone. The cells transfected with HPK1 alone or co-transfected with HPK1 and Fbxw8 cDNA constructs were treated with 100 g of cycloheximide (CHX) for 0, 30 min, 1 h, 2 h, 4 h, and 6 h. The HPK1 protein levels were measured by Western blots.
Immunocomplex Kinase Assays and Ubiquitination Assays-Immunocomplex kinase assays using myelin basic protein (MBP) as a substrate were performed as previously described (20) . In vivo ubiquitination assays were performed as described elsewhere (30) . Flag-HPK1 and Myc-Fbxw8 were cotransfected with His.Myc-Ub, His.Myc-Ub K48R, or His.Myc-Ub K63R into 293T cells. The cells were treated with 2 M MG132 for 6 h before harvesting, and lysed in PBS containing 1% nonidet P-40 and 10 mM imidazole. The nickel-nitrilotriacetic acid agarose beads (Ni-NTA, Qiagen Inc.) were then added to the cell extracts and rotated at room temperature for 4 h to pull down the ubiquitinated HPK1 protein. Precipitates were washed three times with PBS containing 1% Nonidet P-40 and 20 mM imidazole and then boiled in SDS-PAGE sample buffer. The protein complexes were separated on 8% SDS-PAGE and probed with anti-HPK1 antibody. The levels of total polyubiquitinated proteins were comparable across the experimental conditions.
Cell Growth Studies-Panc-1 or Panc-28 parental, ShRNA control and Fbxw8 knockdown stable cells were plated at an equal density in triplicates and cultured under normal conditions for 6 days. The cells were harvested daily by trypsinization
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and washed once with cold PBS. The cell numbers were counted and plotted. The experiments to establish the growth curves were repeated three times.
RESULTS
HPK1 Interacts with Skp1, Rbx1, and CUL7, but not CUL1-To identify HPK1-interacting proteins in pancreatic cancer cells, we performed an antibody-based array screening using the lysates from Panc-1/HPK1 stable clone (C1) treated with MG132, which stabilized HPK1 protein. We found that HPK1 interacted with Skp1 and Rbx1/Rbx2, but not CUL1 (Fig. 1A) .
To confirm these results, we performed co-immunoprecipitation using the lysates from Panc-1/HPK1 stable clone (C1) treated with MG132. HPK1 antibody could co-precipitate Skp1. No Skp1 was detected in IgG control or Panc-1 parental cells, which had no detectable HPK1 expression. Similar to the results from antibody array, no interaction between HPK1 and CUL1 was detected by immunoprecipitation ( Fig. 1B) . Since Skp1 can also form an E3 complex with CUL7, we examined the interaction between HPK1 and CUL7 in Panc-1/HPK1 stable cells. CUL7 was specifically co-immunoprecipitated with HPK1 ( Fig. 1B) . These data suggested that Skp1-CUL7-Rbx1 E3 complex is responsible for proteasome-mediated HPK1 degradation in pancreatic cancer cells.
Fbxw8 Interacts with HPK1 and Promotes HPK1 Degradation-Since Fbxw8 is the only known F-box protein in Skp1-CUL7 E3 complex, we examined the interaction between HPK1 and Fbxw8 and found that endogenous Fbxw8 was specifically coimmunoprecipitated with HPK1 in Panc-1/HPK1 stable cells ( Fig. 1B) . To further confirm their interactions, Myc-Fbxw8 and Flag-HPK1 were cotransfected into 293T cells and co-immunoprecipitation was performed using either anti-Myc or anti-Flag antibody. HPK1 antibody could co-precipitate Fbxw8 protein and Myc antibody could co-precipitate HPK1 protein (Fig. 1C ). In addition, endogenous HPK1 also interacted with Fbxw8 in Jurkat T cells ( Fig. 1D ). To test whether Fbxw8 promoted HPK1 degradation, both overexpression and knockdown systems of Fbxw8 were used. We found that HPK1 protein levels were inversely correlated with the expression levels of Fbxw8 (Fig. 1, E and F) . However, Fbxw8 had little effect on the steady-state level of kinase-dead HPK1-M46 ( Fig. 1G ), suggesting that Fbxw8-mediated HPK1 degradation requires HPK1 kinase activity. Also we did not observe any effect of Fbxw8 on the expression of HGK, another serine/threonine FIGURE 1. CUL7/Fbxw8 ubiquitin ligase mediates HPK1 degradation in pancreatic cancer. A and B, analysis of HPK1 protein interactions in Panc-1 cells by antibody array or immunoprecipitation. Panc-1/Flag-HPK1 stable cells (C1) were treated with 2 M MG132 for 16 h, and then harvested. Cell extracts were used for antibody array analysis (A) or immunoprecipitation with M2 antibody followed by Western blotting using antibodies against HPK1, Skp1, CUL7, CUL1, or Fbxw8 (B). Panc-1 parental cells, which had no detectable HPK1 protein, were used as controls. C, 293T cells were transfected with plasmids expressing Myc-Fbxw8 and Flag-HPK1; 36 h after transfection, the cells were harvested for immunoprecipitation with anti-Myc or anti-Flag antibodies followed by Western blotting as indicated. D, endogenous HPK1 interacts with Fbxw8 in Jurkat T cells. HPK1 from Jurkat T cells was immunoprecipitated with an anti-HPK1 antibody. The immunoprecipitate was then immunoblotted with an anti-Fbxw8 antibody. E, G, and H, overexpression of Fbxw8 results in a dose-dependent decrease of wild-type HPK1 but not the kinase-dead HPK1-M46 and HGK in 293T cells. FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4011 kinase in STE20/MAP4K family (Fig. 1H) , which has been shown to be overexpressed in pancreatic cancer (31) . When the half-life of HPK1 protein in 293T cells cotransfected with Fbxw8 was compared with that transfected with HPK1 alone, Fbxw8 accelerated the decay rate of HPK1 protein (Fig. 1I) .
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Fbxw8 Increases HPK1 Ubiquitination through Lys 48 -When Fbxw8 was cotransfected with HPK1 and HA-ubiquitin into 293T cells, Fbxw8 markedly increased HPK1 ubiquitination. In contrast, cotransfection of Fbxw7 did not increase HPK1 ubiquitination ( Fig. 2A) . Fbxw7 is the F-box component of a SCF ubiquitin ligase and acts as a tumor suppressor in many human cancers (32) . Since ubiquitination through ubiquitin Lys 48 (K48) generally targets proteins for degradation, whereas ubiquitination through K63 plays a critical role in signaling activation and protein trafficking (30), we tested whether HPK1 is ubiquitinated through K48 or K63. Fbxw8-mediated HPK1 ubiquitination was abolished in cells cotransfected with His-Ub K48R. Fbxw8-mediated HPK1 ubiquitination was also reduced in cells cotransfected with His-Ub K63R compared with those cotransfected with His-Ub (Fig. 2B) . These data suggest that Fbxw8-mediated HPK1 ubiquitination occurred mainly through K48 but to a lesser extent through K63 of ubiquitin.
Fbxw8-mediated HPK1 Ubiquitination Is Dependent upon HPK1 Kinase Activity-Since kinase-dead HPK1-M46 was more stable than wild type HPK1 when cotransfected with Fbxw8, it is possible that HPK1 ubiquitination requires its kinase activity and autophosphorylation. Two serine (Ser-159 and Ser-171) and two threonine residues (Thr-165 and Thr-175) reside in the putative activation loop of HPK1. It has been shown that full activation of HPK1 is dependent on the autophosphorylation of Thr-165 and phosphorylation of Ser-171 (10) . We investigated whether phosphorylation of these residues plays a role in Fbxw8-mediated HPK1 degradation by mutating them to alanine. Similar to HPK1-M46, S171A, or T175A mutation abolished HPK1 kinase activity. HPK1-T165A had decreased HPK1 kinase activity, whereas HPK1-S159A had similar kinase activity to wild-type HPK1 (Fig. 3A ), suggesting that HPK1 kinase activity requires phosphorylation of Thr-165, FIGURE 3 . CUL7/Fbxw8 ubiquitin ligase-mediated degradation and ubiquitination of HPK1 is dependent on HPK1 kinase activity and the autophosphorylation of HPK1. A, kinase activities and autophosphorylation of wild-type HPK1 and HPK1 mutant proteins were measured by immunocomplex kinase assays with the myelin basic protein (MBP) used as a substrate. B-E, overexpression of Fbxw8 results in a dose-dependent decrease in HPK1-S159A and HPK1-T165A protein expression but has no effect on the stability of HPK1 S171A or HPK1 T175A. F, loss of HPK1 kinase activity and autophosphorylation in HPK1-M46 and HPK1-T171A results in a marked decrease in Fbxw8-mediated HPK1 ubiquitination compared with wild-type HPK1. Wild-type or mutant HPK1 and HA-Ub were cotransfected with Myc-Fbxw8. The cells were treated with 2.0 M MG132 for 6 h before harvesting. Immunoprecipitation with anti-HPK1 antibody followed by Western blot as indicated.
Ser-171, and Thr-175, but not Ser-159. When Fbxw8 were cotransfected with HPK1 mutants into 293T cells, Fbxw8 resulted in a dose-dependent decrease in HPK1-S159A expression similar to wild-type HPK1 (Fig. 3B ). Fbxw8 degraded HPK1-T165A to a lesser extent than it did to wild-type HPK1 and HPK1-S159A (Fig. 3C ). Similar to HPK1-M46, HPK1-S171A and HPK1-T175A were resistant to Fbxw8-mediated degradation (Fig. 3, D and E) . Compared with wild-type HPK1, HPK1-M46, HPK1-T165A, and HPK1-S171A had decreased ubiquitination when cotransfected with Fbxw8 ( Fig. 3F) . Thus Fbxw8-mediated HPK1 ubiquitination are dependent upon HPK1 kinase activity and autophosphorylation.
PP4 Inhibits Fbxw8-mediated HPK1 Ubiquitination-To test whether PP4 can inhibit Fbxw8-mediated HPK1 ubiquitination, 293T cells were cotransfected with HA-Ub, Flag-HPK1, Myc-Fbxw8, and Flag-PP4 or Flag-PP4-RL, a phosphatase-dead PP4 mutant and co-immunoprecipitations were performed using anti-HPK1. Cotransfection of PP4 decreased the binding of Fbxw8 to HPK1 and markedly reduced Fbxw8-mediated HPK1 ubiquitination. In contrast, PP4-RL had no significant effect on Fbxw8-mediated HPK1 ubiquitination and their interactions (Fig. 4) . Therefore Fbxw8-mediated HPK1 degradation requires serine/threonine phosphorylation of HPK1 and that dephosphorylation of HPK1 by PP4 play a key role in Fbxw8-mediated HPK1 degradation.
To identify PP4 dephosphorylation sites, we focused on HPK1 proline-rich region (HPK1-PR; amino acids 288 -482) since it has been shown that HPK1 interacts with PP4 through the HPK1-PR region (22) . In addition, previous study also found that HPK1 autophosphorylation occurs predominantly on threonine residues (10) . Using PhosphoSitePlus program, we identified two threonine residues, Thr-349 and Thr-355, in HPK1-PR region (Fig. 5A) . We mutated them to alanine and found that both HPK1-T349A and HPK1-T355A retained kinase activity comparable to HPK1 (Fig. 5B ). Similar to wildtype HPK1 and HPK1-S159A, HPK1-T349A was stabilized by MG132 ( Fig. 5C-5E ). In contrast, MG132 had little effect on the stability of HPK1-T355A (Fig. 5F ). Thus we focused our study on HPK1-T355A. When HPK1-T355A was cotransfected with Fbxw8 into 293T cells, Fbxw8 failed to destabilize HPK1-T355A (Fig. 5G ). To investigate whether Thr-355 was required for PP4-mediated dephosphorylation/stabilization of HPK1, we co-transfected HPK1 or HPK1-T355A with PP4 into HEK293T cells. PP4 stabilized wild-type HPK1 in a dose-dependent manner, but not HPK1-T355A (Fig. 5, H and I) . Since there is no phospho-specific antibody for HPK1-Thr355 available, we used the proline-rich region of HPK1, HPK1-PR (aa: 288 -482), which contains two putative threonine phosphorylation sites (Thr-349 and Thr-355) to examine the effect of PP4 on HPK1 phosphorylation. We found that inhibition of PP4 using okadaic acid (OA) increased the threonine phosphorylation of HPK1-PR ( Fig. 6A ), suggesting that Thr-355 of HPK1 is a key PP4 dephosphorylation site, through which Fbxw8 and PP4 regulates HPK1 stability. Consistent with this finding, HPK1-T355A mutant was resistant to Fbxw8-mediated ubiquitination ( Fig. 6B) .
Knockdown of Fbxw8 Restores Endogenous HPK1 Protein Expression and Inhibits Cell Proliferation in Pancreatic Cancer
Cells-To examine function of Fbxw8 in HPK1 degradation and pancreatic cancer, we knocked down Fbxw8 using Fbxw8 shRNA, which resulted in dramatic reduction of the expression levels of Fbxw8 mRNA and protein in Panc-1 and Panc-28 cells compared with the control cells by quantitative RT-PCR and Western blots (Fig. 7, A-D) . Knockdown of endogenous Fbxw8 effectively restored endogenous HPK1 expression in both Panc-1 and Panc-28 cells (Fig. 7, C and D) . Thus we further confirmed the role of Fbxw8 in the proteasome-mediated degradation of HPK1 in pancreatic cancer cells. Fbxw8 knockdown led to increased p27 expression, but had no significant effect on the activation of JNK and Erk, which may be due to the presence of mutant Kras oncogene in these two cell lines (Fig. 7, C and D) . Since we previously found that restoring wild-type HPK1 expression in pancreatic cancer cells causes cell-cycle arrest and growth inhibition (20) , we examined the effect of Fbxw8 knockdown on cell proliferation. After transduction with Fbxw8 shRNA, the cell proliferation rates were decreased in both Panc-1 and Panc-28 cells compared with cells infected with control shRNA and parental cells, which is due in part to the stabilization of HPK1 (p Ͻ 0.05, Fig. 7, E and F) . 
. PP4, but not the phosphatase-dead mutant PP4-RL, inhibits
Fbxw8-mediated HPK1 ubiquitination and the interaction between Fbxw8 and HPK1. HEK293T cells were transfected with Flag-HPK1, HA-ubiquitin, Myc-Fbxw8, Flag-PP4, or HA-PP4-RL as shown, and cell lysates were prepared 42 h after transfection. HPK1 was immunoprecipitated with an anti-HPK1 antibody. The immunoprecipitates were then immunoblotted with an anti-HA antibody. The immunoprecipitated HPK1, Fbxw8, PP4, and PP4-RL were monitored by immunoblotting using an anti-HPK1, anti-Myc, anti-Flag, or anti-HA antibody, respectively. The inputs for the immunoprecipitation were shown at the bottom.
DISCUSSION
We previously showed that loss of HPK1 is associated with the progression of PanIN to invasive pancreatic cancer and that loss of HPK1 in pancreatic cancer is due to proteasome-mediated degradation (20) . However, the ubiquitin ligase and the molecular mechanism that targets HPK1 for proteasomal degradation had not yet been identified. In this study, we demonstrated that HPK1 is novel proteolytic target of the CUL7/ Fbxw8 ubiquitin ligase, which has been show to target cyclin D1 (33), IRS-1 and the Golgi protein Grasp65 for proteasomal degradation (28, 34) . Since HPK1 functions as a MAP4K and activates MAP3Ks and their downstream MKK4/MKK7, JNK or SAPK cascade (1, 2), our findings of CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation revealed a direct link and novel role of CUL7/ Fbxw8 ubiquitin ligase in MAPK pathway, which plays a critical role in cell proliferation and differentiation.
In this study, we found that HPK1 kinase activity and its autophosphorylation contribute to CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation. Single amino acid substitution of HPK1 Lys-46 to methionine (M46), which abolished HPK1 kinase activity and autophosphorylation, markedly reduced CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 ubiquitination and stabilized HPK1 protein. To further confirm that HPK1 kinase activity and autophosphorylation are required for CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation, we demonstrated that S171A or T175A mutations of HPK1 led to a marked decrease in CUL7/Fbxw8 ubiquitin ligase-mediated ubiquitination of HPK1 and stabi- FIGURE 5 . Threonine 355 of HPK1 is a key residue for PP4 dephosphorylation/stabilization of HPK1 and for CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation. A, schematic drawing showing the possible serine or threonine phosphorylation sites in HPK1 proline-rich region (amino acids 288 -482) using PhosphoSitePlus program. B, kinase activities and autophosphorylation of wild-type HPK1, HPK1-T349A and HPK1-T355A were measured by immunocomplex kinase assays with the myelin basic protein (MBP) used as a substrate. C-F, proteasome inhibitor MG132 stabilizes wild-type HPK1, HPK1-S159A, and HPK1-T349A in a dose-dependent manner, but not HPK1-T355A. G, overexpression of Fbxw8 has little effect on the stability of HPK1-T355A. H and I, overexpression of PP4 results in a dose-dependent increase in wild-type HPK1 protein expression, but has little effect on the stability of HPK1-T355A.
Fbxw8 Targets HPK1 for Degradation
lized mutant HPK1 protein compared with wild-type HPK1 when cotransfected with Fbxw8.
PP4 has been shown to stabilize HPK1 through the inhibition of ubiquitination and proteasomal degradation of HPK1 protein (22) . However, the mechanism of HPK1 up-regulation by PP4 is unclear. We found that expression of wild-type PP4, but not phosphatase-dead PP4-RL, inhibited the interaction between Fbxw8 and HPK1 and decreased Fbxw8-mediated HPK1 ubiquitination. These data not only suggest that PP4 stabilizes HPK1 by inhibiting CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation, but also suggest that PP4 dephosphorylates the key serine/threonine residues of HPK1 protein, which are required for the binding of Fbxw8 to HPK1 and for CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation. In the light of previous findings that HPK1 interacts with PP4 through HPK1-PR region (22) and that HPK1 autophosphorylation occurs predominantly on threonine residues by phosphoamino acid analysis (10), we identified Thr-355 as a key residue for PP4 dephosphorylation/stabilization of HPK1 protein and for CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation. However, our study did not exclude the possibility that other threonine or serine residues may also been involved in the regulation of HPK1 stability by PP4 and CUL7/Fbxw8 ubiquitin ligase.
On the basis of our findings, we propose that targeted degradation of HPK1 by the CUL7/Fbxw8 ubiquitin ligase constitutes a negative-feedback loop to restrain the activity of HPK1. This ubiquitin ligase recognizes HPK1 in the autophosphorylated forms generated by its own activity and mediates its polyubiquitination and proteasomal destruction. It is possible that HPK1 degradation signal may contain multiple degron motifs that are the targets of other serine/threonine kinases with suboptimal affinity for Fbxw8. The requirement of phosphorylation at multiple sites for the degradation of HPK1 may reflect a biological need to fine-tune MAPK signaling in accordance with the magnitude and duration of the downstream targets. Since lymphocyte receptor signaling can be coupled to SAPK/JNK and NFB activation by HPK1, the physiological regulatory functions of Fbxw8 in these processes deserve future investigation.
The CUL7/Fbxw8 ubiquitin ligase targets IRS-1 for proteasomal degradation and has been shown to be a key player in growth regulation (28) . However the function of the CUL7/ Fbxw8 ubiquitin ligase in cancer is unclear. In this study, we found that knockdown Fbxw8 inhibited the proliferation of pancreatic cancer cells, which is in part due to the restoration of FIGURE 6. PP4 dephosphorylation site is important for CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 ubiquitination. A, okadaic acid (OA) increases threonine phosphorylation of HPK1-PR.HEK293T cells were transfected with wildtype HPK1 and HA-HPK1-PR. Forty-two hours after transfection, the cells were either treated with 50 nM OA or untreated as a control for 4 h before harvest. HA-HPK1-PR were immunoprecipitated with an anti-HA antibody and then immunoblotted with anti-phosphothreonine or anti-HA antibody (top). The input of HPK1 and HA-HPK1-PR were monitored by immunoblotting (bottom). B, Fbxw8 does not increase ubiquitination of HPK1-T355A. HEK293T cells were transfected with HA-ubiquitin and either Flag-HPK1-T355 alone or with Myc-Fbxw8. Forty-two hours after transfection, cell lysates were prepared. HPK1-T355 was immunoprecipitated with an anti-M2 antibody and then immunoblotted with an anti-HA antibody as indicated.
FIGURE 7. Knockdown of Fbxw8 restores endogenous HPK1 protein expression and inhibits cell proliferation in pancreatic cancer cells.
A and B, Fbxw8 knockdown stable cell lines were generated from Panc-1 or Panc-28 cells and screened by QRT-PCR. C and D, knockdown of Fbxw8 restores endogenous HPK1 protein expression in Panc-1 and Panc-28 cells. E and F, Panc-1 or Panc-28 parental, shRNA control, and Fbxw8 knockdown stable cells were plated at an equal density and cultured under normal conditions for the indicated time periods. Cell numbers were counted and plotted. The growth curves have been repeated three times. HPK1 protein expression. Knockdown Fbxw8 increased the expression of p27, but had no effect on Erk and JNK action in pancreatic cancer cells, which may be due to the presence of active mutant Kras in these cells. Our data suggest that the CUL7/Fbxw8 ubiquitin ligase may have an oncogenic function in pancreatic cancer. Consistent with our findings, Kim et al. showed that CUL7 inhibits Myc-induced apoptosis and promotes Myc-driven cell transformation (35) . CUL7/Fbxw8 ubiquitin ligase-mediated degradation of cyclin D1 in the cytoplasm during S phase has been shown to play a critical role in the proliferation of a variety of cancer cells (33) . DNA damageinduced upregulation of CUL7 attenuates p53 tumor suppressor functions (36) . More recently, Fu et al. showed that the CUL7/Fbxw8 ubiquitin ligase is a key regulator in epithelialmesenchymal transition in choriocarcinoma cells (37) . Using comparative genomic analysis, Paradis et al. demonstrated that CUL7 play a role in liver carcinogenesis (38) . The oncogenic function of the CUL7/Fbxw8 ubiquitin ligase in pancreatic cancer needs further investigations. In the light of the recent studies, which demonstrated the major tumor suppressor functions of deubiquitinase USP9X in pancreatic cancer and the recurrent mutations in the components of ubiquitin-dependent pathways in neoplastic pancreatic cysts by whole-exome sequencing (39, 40) , our findings of CUL7/Fbxw8 ubiquitin ligase-mediated HPK1 degradation provide new insight into the key functions of proteasomal pathway in the development of pancreatic cancer. Targeting CUL7/Fbxw8 ubiquitin ligase to restore the expression and function of HPK1, in combination with other modalities, may be an effective approach for pancreatic cancer treatment.
